Abstract. In this paper we present measurements of methanesulfonate in the Greenland Ice Sheet Project 2 (GISP2) ice core. Methanesulfonate is an atmospheric oxidation product of dimethylsulfide. The GISP2 methanesulfonate record contains information about the atmospheric loading ofbiogenic sulfur over the past 110 kyr and its relationship to climate change. The GISP2 data set supports the inferences made from the Renland ice core from Greenland that the glacial atmosphere over Greenland had reduced concentrations of biogenic sulfur compared with the present day [Hansson and Saltzman, 1993]. We conclude that the flux of biogenic sulfur from the North Atlantic Ocean must have been lower during glacial times and speculate that this decrease may have been related to differences in phytoplankton speciation. The data suggest that changes in direct radiative forcing from biogenic sulfur aerosols would act as negative feedback to the glacial/interglacial climate cycles in this region.
Introduction
The sulfur cycle is of particular important to atmospheric chemistry because of the role of sulfuric acid as a major aerosol-forming constituent. These aerosols can provide sites for heterogeneous chemical transformations that may not otherwise occur in the atmosphere and are the major source for cloud condensation nucleii over much of the Earth. 1995]. However, we have little knowledge of the long-term temporal variability of DMS emissions from the ocean or of the factors which control it. It has been suggested that there are potential feedbacks between the biogenic sulfur cycle and the radiation budget which may affect the climate of the Earth on long timescales [Shaw, 1983; Charlson et al., 1987] . One way to study this question is to examine the record of atmospheric sulfur as deposited in polar ice cores. This record contains evidence of natural variability which can be used to (1) assess the magnitude of potential changes in aerosol radiative forcing and (2) examine the timing of changes in atmospheric sulfur in order to understand the factors controlling them.
Sulfuric acid aerosols can interact strongly with incoming
In this paper we present measurements of methanesulfonate (MSA) from the Greenland Ice Sheet Project 2 (GISP2) ice core in central Greenland. MSA is an atmospheric oxidation product of DMS which can be useful as a tracer for the origin of sulfur in air or precipitation.
Numerous studies have been carried out to examine the distribution of MSA in the modem atmosphere [Saltzman et al., 1983; 1985 
Ice Core Sampling and Analysis
The ice core samples used in this project were obtained from the GISP2 ice core which was drilled during 1990-1993 at Summit, Greenland. The main GISP2 ice core is 3040 m in length. The core was subsampled in the field using band saws to obtain a longitudinal rectangular section for ion analysis. Subsampling of the uppermost 335 m of the core was done by rinsing the subsections with Milli-Q water to remove contamination. In the depth intervals 335-710 and 1370-1510 m, subsamples were mechanically scraped using a rotating carbide bit. For the remainder of the core the subsections were sampled using a continuous concentric melter that yields a radial melt-• 2 cm in diameter from the center of the subsection.
The strategy for sampling the core was designed to provide biannual resolution for as much of the core as possible. The thickness of individual samples decreased downcore, from-• The analysis of the ice core samples for MSA was done using chemically suppressed ion chromatography [Whung et al., 1994] . The instrument used was a modular ion chromatograph with Dionex AG4/AS4 columns and a membrane suppresser. These columns were chosen so as to provide baseline resolution between MSA and pyruvate, which is an occasional contaminant in laboratory air and plastic vials. Samples (5 mL) were loaded onto a Dionex Trace Anion Concentrator (TAC) precolumn, either manually or by an autosampler. Standard addition experiments demonstrated quantitative recovery of analyte from the precolumn. The analysis was carded out isocratically using NaOH eluants (5.55 mM), and the columns were rinsed with 100 mM NaOH between samples to remove strongly bound anions. Standards were prepared by serial dilution of pure methanesulfonic acid (Malinckrodt) and were run daily. The detection limit of the analysis is 0.02 ppb with a precision of better than +5% at 1 ppb.
Other sources of data from the GISP2 ice core discussed in this paper include measurements of major ion chemistry (sulfate (SO42'), sodium (Na+), and calcium (Ca2+)) made at the 
Results and Discussion

Long Term Trends
Over the entire length of the GISP2 core, the MSA concentration ranged from 0.04 to 11.82 ppb (ng/kg), with a mean of 2.9+ 1.2 (lo, number of samples (n) = 11,616). The very slow increase in MSA at the beginning of the Holocene clearly suggests that the MSA record reflects responses to changes in climate and atmospheric/ocean circulation, rather than the forces driving climate change. It is surprising that MSA continued to increase for several thousand years after the end of the glacial/interglacial transition, when the isotope record suggests that climate stabilized rapidly. The MSA increase during the Holocene suggests that perhaps there were changes in either surface ocean biology or atmospheric transport that occurred over much longer timescales than the mixing time of the atmosphere or surface ocean.
Overall, during the past 20 kyr the MSA flux clearly behaves more as one would expect for a signal that reflects climatic change, while the concentration profile appears somewhat decoupled from the climate record. This is surprising given our conclusion in the previous section that dry deposition is not significant. There is no evidence in the GISP2 core for an increase in the MSA fraction of biogenic-derived aerosols in the glacial atmosphere. This is surprising, as one might expect that during colder conditions the aerosol might look chemically more like that in cold regions today. This was observed at Vostok, Antarctica [Legrand et al., 1991] . The decrease in MSA fraction in the GISP2 core during cold periods must indicate that either (1) the biogenic sources were shifted to lower latitudes and warmer waters compared with the source regions affecting Greenland today or (2) additional sulfur from nonmarine sources impacted the site.
During deglaciation and into the Holocene the MSA fraction increased from its minimum of-1% at 11 kyr to its maximum of 12% around 3 kyr B.P. These variations are driven largely by the changes in MSA concentration and most likely reflect changes in the North Atlantic biogenic sulfur source strength. An interesting aspect of the record is that the MSA concentration and MSA fraction continue to increase long after the oxygen isotopic signal suggests that Holocene climate stabilized (7-8 kyr B.P.). As mentioned earlier, such a long time constant is not expected for changes in surface ocean or atmospheric circulation, and we would not have expected to see such a gradual change for a biogenic emission like DMS. The data imply that it took several thousand years for the biogenic sulfur cycle over the North Atlantic Ocean to establish its current pattern. The fact that MSA fractions were increasing during this period suggests that the phenomenon may be related to the establishment of the high-latitude fauna that generate high-MSA fraction aerosols compared with low latitude sources.
Relationship Between MSA and Sodium
As mentioned above, the Na + record exhibits a marked increase in both mcan concentration and variability during glacial periods [Mayewski et al., this issue]. Typical glacial Na + concentrations wcrc of the order of 30 parts per billion, while Holocene values were only 5 ppb. This increase suggests that glacial wind speeds wcrc significantly greater than those of intcrglacials and that the trajectories of air masses influencing precipitation at Summit wcrc in contact with the sea surface. This is a key point that places an important constraint on the interpretation of the MSA data. The increase in glacial Na + concentrations means that if glacial sea surface DMS concentrations wcrc similar to today, the air/sea exchange of DMS and the eventual MSA concentration in glacial ice should have increased many fold over Holocene levels. The increase in Na + effectively counters the argument that sea ice expansion in the glacial North Atlantic restricted the area available as a source region for DMS emissions. Even to maintain a constant supply of MSA to Summit, given the increased wind speeds, one must conclude that the concentration of DMS decreased significantly in the source regions. This interpretation requires that the Na + in the GISP2 ice core be derived from seawater, rather than terrestrial sources. This appears likely, given that the Na + to CI' ratio during the periods of elevated Na+ is similar to that of modem seawater.
The cause of the apparent decrease in surface ocean DMS in the glacial North Atlantic Ocean is not known. We hypothesize that this phenomenon reflects differences in the phytoplankton ecology of the glacial North Atlantic Ocean compared with today. It is well known that glacial sediments in the North Atlantic are coccolith-depleted, and it has been suggested that this reflects a major southward shift of the oceanographic polar front compared with its present-day 
